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Hot potassium carbonate (HPC) electrolyte solution is used in gas processing and 
fertilizer plant to chemically absorb CO2 and H2S gases. The HPC solvent usually 
contains K2CO3, KHCO3, and H2O, beside small quantities of the diethanolamine 
(DEA) activator and V2O5 corrosion inhibitor. The solution solubility is controlled by 
the concentrations of carbonate, bicarbonate and CO2 in the mixture. The problem in 
this study is the saturation of the potassium carbonate and potassium bicarbonate into 
a solid crystal state at certain conditions during the process. Consequently, the 
phenomena lead to accumulation of solid particles inside the units, mainly the 
pipelines and heat exchangers. The crystallization problem typically leads to 
reduction of the heat transfer rate, stripper unit temperature, and the overall process 
efficiency. In order to remove the solid accumulations, the process has to be shut 
down which lead to further production loss. The electrolyte nonrandom two liquids 
(ELECNRTL) model is selected for HPC thermodynamic and physical properties 
calculation using ASPEN PLUS simulator. The ELECNRTL model was conducted on 
the basis of the relationship between the solutes ion species and solvent molecules. In 
this study, the effective thermodynamic factors are investigated to determine the 
critical condition of the electrolyte crystallization in HPC solution. Furthermore, it 
was desired to develop these characteristics within the industrial process conditions of 
pressure, temperature and concentration. The observation of solution solubility detects 
saturation points at temperatures higher than solution boiling point for 30 wt% K2CO3 
standard solution. The stable temperature simulated in this study was at temperature 
range between 287.15 K and 362.15 K with the error of ±4 K, respectively based on 
the given literature data of carbonate system. For carbonate/bicarbonate mixture 
system, increasing of the operation pressure from 1 bar to 2 bar increase the mixture 




stability in liquid phase and was also affected on the solvent transport 
thermodynamics. Furthermore, for binary systems of carbonate, it was found that the 
possibilities of solution crystallization may happen at temperatures lower than 313.15 


























Sebatian electrolit kalium karbonat panas (HPC) digunakan dalam pemprosesan gas 
dan baja untul menyerap gas CO2 dan H2S. Sebatian HPC umumnya terdiri daripada 
K2CO3, KHCO3, dan H2O, serta sedikit kuantiti pengaktif diethanolamine (DEA) dan 
V2O5,  penghalang karat. Kosentrasi sebatian dikawal oleh kepekatan karbonat, 
bikarbonat dan CO2 dalam campuran tersebut. Masalah yang dikaji ialah tahap 
keterlarutan kalium karbonat dan kalium bikarbonat dalam penghasilan fenomena 
pepejal kristal pada situasi tertentu semasa proses dijalankan. Fenomena ini akan 
menjurus kepada penghasilkan pepejal kristal di dalam unit, khasnya pipeline dan 
heat exchanger. Oleh yang demikian, masalah ini akan menyebabkan kadar 
pemindahan haba, suhu dan seluruh efisien proses berkurangan, Bagi memindahkan 
pepejal kristal tersebut, proses terpaksa diberhentikan dan ini akan menjurus kepada 
kerugian produksi. Model electrolyte nonrandom two liquids (ELECNRTL) digunakan 
untuk mengira termodinamik dan sifat fizikal HPC dengan menggunakan ASPEN 
PLUS simulator. Model ELECNRTL digunakan berdasarkan hubungan ion zat larut 
dan molekul pelarut. Di dalam kajian ini, faktor keefektifan termodinamik dikaji 
untuk menentukan keadaan tahap kritikal elektrolit kristal dalam sebatian HPC. Ini 
adalah untuk menghasilkan karakter yang sesuai digunakan dalam proses industri 
yang melibatkan tekanan, suhu dan kosentrasi. Permerhatian ke atas keterlarutan 
sebatian mendapati tahap keterlarutan pada suhu yang tinggi berbanding tahap didih 
bagi 30 wt% sebatian standard K2CO3. Suhu stabil yang digunakan dalam kajian ialah 
di antara 287.15 K dan 362.15 K dengan error ±4 K, berdasarkan sistem karbonat 
dalam data literasi yang diberikan. Untuk sistem campuran karbonat/ bikarbonat, 
penambahan operasi tekanan dari 1 bar kepada 2 bar menyebabkan kenaikan pada 
suhu tahap didih sebatian dengan ∆Tmen= 18 K. Ini memberikan ruang yang luas bagi 




Bagi sistem binari karbonat, kemungkinan untuk penghasilan sebatian kristal berlaku 
pada suhu yang rendah dari 313.15 K, tekanan 1 bar untuk kosentrasi tinggi dari 3 
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1.1    Background 
1.1.1    Natural gas 
Natural gas is directly obtained from gas fields or it is found as a co-product of crude 
oil refining processes. The composition of natural gas contains mixture of organic 
compounds mainly methane, ethane, propane, butane and pentane. Beside organics, 
natural gas normally contains minor amount of inorganic compounds such as carbon 
dioxide (CO2), sulfur dioxide (SO2), oxygen (O2), nitrogen (N2) and small amount of 
inert gases (He, Xe, and Ne). Table 1.1 shows a typical composition of natural gas 
composition (Ikoku, 1992). 
 
Table 1-1 Natural gas composition (Ikoku, 1992) 
Component Chemical formula Volume % 
Methane CH4 >85 
Ethane C2H6 3-8 
Propane C3H8 1-2 
Butane C4H10 <1 
Pentane C5H12 <1 
Carbon dioxide CO2 1-2 
Hydrogen sulfide  H2S <1 
Nitrogen  N2 1-5 





1.1.2    Natural gas purification 
The process of natural gas purification involves the removal of vapor phase impurities 
and liquids from gas streams. Natural gas that contains significant amount of acid 
gases such as CO2 and H2S is called sour gas. The processes used for sour gas 
purification are classified into five types, namely absorption, adsorption, permeation, 
chemical conversion, and condensation. 
The absorption technology mainly comprises physical and chemical absorption. A 
physical absorption is defined as the process that employs non-reactive organic as the 
treating agents (Kohl, 1997). On the other hand, chemical absorption can be defined 
as mass transfer from gas phase into liquid phase based on chemical reaction when the 
liquid phase components react with the absorbents (Aresta, 2003). 
1.1.3    Benfield’s‎process 
One of the most important and useful technology for acid gas removal is the hot 
potassium carbonate process. The process was developed back in the 1970s by 
Benson and Field in Pennsylvania. It is commercially well known as the Benfield’s 
process. Benfield’s process is classified into the chemical absorption processes using 
hot potassium carbonate as reactive chemical solvent. The flow sheet shown in Figure 
(1.1) illustrates an absorber where the solvent contacts with the sour gas in a counter 
current flow, hence removing the acid gases from the natural gas. The rich solvent is 
regenerated in the stripping unit at high temperature for liberating the acid gases, 
mainly CO2 and H2S. The treated or sweet gas normally contains less than 1 ppmv 
H2S and 50 ppmv CO2 (Kohl, 1997). 
The composition of hot potassium carbonate is typically made-up of 20-40 wt% 
potassium carbonates (K2CO3), 1-3 wt% diethanolamine (DEA), 0.4-0.7 wt% V2O5 




The standard operating condition for CO2 absorption and stripping requires the 
pressure to be in the range between 1 and 2 atm and the temperature ranges between 
70 and 130 
0










C (Kohl, 1997). Table (1-2) represents a typical 
operation condition for Benfield’s system including the chemical component 
composition during the process. The data present different cases of Benfield’s system 
for hot potassium solution concentration between 21 and 31.6 wt%. 
 
 



















Absorber top temperature (
0
C) 72.2  71.7 73.2 75.1 
Absorber bottom temperature (
0
C)  128.6 129.4 130.0 127.9 
Absorber pressure drop (atm) 0.17 0.17 0.17 0.16 
Stripper top temperature (
0
C) 108.6 109.4 109.1 107.3 
Stripper bottom temperature (
0
C) 129.6 130 134 140 
Stripper bottom pressure (atm) 1.3 1.3 1.5 2 
Stripper pressure drop (atm) 0.2 0.3 0.38 Over scale 
The designed operation pressure for absorber and stripper is 1 atm 
Benlfield’s solvent composition (wt %) 
H2O 67.86 69.21 66.56 71.06 
K2CO3 30.2 29.9 31.6 27 
KVO3 0.9 0.88 0.94 0.9 
DEA 1.04 0.01 0.9 1.04 
Data collected from (Benfield system  Users’  Forum (Penang, January 2001) 
1.2    Chemical solvent classification 
The chemical solvents that are used for CO2 capture processes can be classified in two 
types. These are the amine system and hot potassium carbonate system.  
1.2.1    Amine system 
This system includes four organic chemical solvents based on amine compound. 
These solvents are; Monoethanolamine (MEA), Diethanolamine (DEA), 




common parameters for amine system. The amine system was designed into two types 
of units, the single process unit and the multiple process units. The multiple process 
units are used within industrial plants such as oil refineries as shown in Figure (1.2).  
In the amine process, the absorber temperature is designed to be at the range of 35 to 
50 
0
C and the pressure range of 5 to 205 atm. The concept of CO2 absorption by such 
amines is obtained by controlling the molecular structure. Furthermore, the amine 
solution can be synthesized to form either stable carbonate ion, unstable carbonate 
ion, or no carbonate ion. The amine system has such an operation difficulties 
including foaming, failure to meet the sweet gas specification standard, high solvent 
losses due to volatility, entrainment and degradation, corrosion, fouling of equipment 
and contamination of amine solution (Kohl, 1997). 
Table 1-3 Representative parameters for amine systems (Kidnay, 2006) 
Component MEA DEA DGA MDE 
(wt%) amine 15- 25 25- 35 50 -70 40- 50 
Rich amine acid gas loading 
(mole acid gas/mole amine) 
0.45- 0.52 0.43-0.73 0.35-0.40 0.4-0.55 
Acid gas pick up 
(Mole acid gas/mole amine) 
0.33- 0.40 0.35- 0.65 0.25- 0.3 0.2- 0.55 
Lean solution residual acid 
gas (Mole acid gas/mole 
amine) 





Figure ‎1-2 Amine system process flow diagram (Kidnay, 2006) 
1.2.2    Hot potassium carbonate system 
Hot potassium carbonate system is used to remove CO2 and H2S from gas streams. 
This process requires relatively high partial pressures of CO2. The chemical reactions 
are very complex but the basic reaction chemistry of aqueous carbonate and CO2 is 
specifically represented by the following reversible reactions (Robert, 1982): 
32232 2KHCOCOOHCOK   (1.1) 
 
3232 KHCOKHSSHCOK   (1.2) 
 
The first reaction shows the reaction between potassium carbonate in aqueous 
solution with carbon dioxide to form potassium bicarbonate. The second reaction 
shows the reaction between potassium carbonate and hydrogen sulfide to form 





The chemical reactions between the gas phase and the liquid phase generally 
enhance the rate of absorption and increase the capacity of the liquid solution to 
dissolve the solute. Therefore, the efficiency of acid gases capture in the chemical 
absorption is greater than the physical absorption (Perry,1999). 
The equilibrium vapor pressure of CO2 for the solution containing 20 wt% and 30 
wt% potassium carbonate is a function of the reversible reaction mechanism when the 
carbonate converts to bicarbonate during the absorption process. Table 1.4 shows the 









K   (1.3) 
 
In the above equation [KHCO3] and [K2CO3] are concentrations in mole/L while 
2CO
P  
is the partial pressure in mmHg (Kohl, 1997) 
 
Table 1-4 Average values of equilibrium constant for 20 wt% and 30 wt% K2CO3 
Temperature 
0
C K, 20 wt% solution K, 30 wt% 
solution 
70 0.042 0.058 
90 0.022 0.030 
110 0.013 0.017 
130 0.0086 0.011 
 
The reaction kinetics can be interpreted based on the forward and reverse reactions, 
which are occurring in the absorber and the stripper, respectively. The basis of 
kinetics is built on the main reaction (1.1) and the equilibrium reactions between CO2 
and H2O. The mechanism is explained by Rahimpor (2004) and Yi (2009) as follows: 
][]][[ 32

 HCOKCOOHKr OHOHOH  
(1.4) 
 







   (1.5) 
 
Substituting (1.4) into (1.3) 
)][]])([[( 22 eOHOH COCOOHKr 

  (1.6) 
 
The concentration of OH  in the carbonate/bicarbonate buffer solution is not 
significantly near the surface. Therefore, equation (1.6) can be written as: 
)][]([( 221 eOH COCOKr   (1.7) 
In equation (1.7), 1K   denotes apparent first order rate constant. 
 
When a small amount of amine is added to the system, the rate of CO2 absorption will 
be enhanced according to the following reactions: 
NCOOHRRNHRRCO ''2   (1.8) 




The amine acts as a promoter used to increase the reaction rate at high temperatures. 
By using the same approach of reaction (1.7), the amine reaction rate Amr  can be 














where 2k  is the apparent first-order rate constant. 
 
)][]])([[][( 22 eAmOH COCOAmkOHkr 
  
   )][]([ 22 eCOCOk   
(1.11)  
 
In equation (1.11), k  is overall apparent first order rate constant which can be 
explained as: 
])[][( AmkOHkk AmOH 




1.3    Electrolyte thermodynamics 
Electrolyte thermodynamics are properties which can be affected directly or indirectly 
by thermodynamic influences such as pressure and temperature. For an aqueous 
electrolyte system, the thermodynamics are dependent on the chemical potential 
factor. This refers to the change of internal energy with the number of parameters 
such as chemical potential, fugacity, ionic activity, activity coefficient, osmotic 
coefficient and Gibbs free energy. 
1.3.1    Chemical potential 
Chemical potential ( i  ) of a thermodynamic system is the amount by which the 
energy of the system would change if an addition particle was introduced with 
entropy and volume held constant. Mathematically, chemical potential of species i  

















U = the internal energy 
N = number of species 
S = entropy 
V = volume 
1.3.2    Fugacity 
Fugacity ( f ) is a measure of chemical potential in form of adjusted pressure. It 
reflects the tendency of substance to prefer one phase (liquid, solid or gas). The 
definition of fugacity based on the Boltzmann constant ( Bk ), temperature (T ) and 














1.3.3    Activity 
Activity ( a ) in chemical thermodynamics is a dimensionless quantity. Activity is a 
measure of the effective concentration of species in a mixture. Activity quantity 
depends on the system effective parameters such as temperature, pressure, 
concentration and composition of the mixture. The activity based on the chemical 



















i = the chemical potential at the standard state 
R = gas constant 
1.3.4    Activity coefficient 
Activity coefficient ( ) is a factor used in thermodynamics to account for deviation 
from ideal behavior in a mixture of chemical substances. Activity coefficient  relates 
to the activity to measure the amount fraction ( ix ), molality ( im ) or concentration 
( ic ) as follows (Mills, 2007): 













a iici ..,  
(1.18) 
 
In equations (1.7) and (1.8),   refers to the standard amount. 
 
Equation (1.19) shows a general dissociation reaction for an ionic solution. 




becomes directly non-ideal and the activity is defined for anions (A
+
) and cations (B
-
) 
as shown in the equation below. 
  BAAB  (1.19) 
 













mmm .  (1.21) 
a  is the activity of ionic component. 
m  is the molality concentration of the ionic component. 
 







 .  (1.22) 
   
where: 
v is the summation of the ionic charges.  
v is the number of cations ionic charges. 
v is the number of anions ionic charges. 
1.3.5    Osmotic coefficient 
Osmotic coefficient ( ) is also known as rational osmotic coefficient. The coefficient 
  is the quantity that characterizes the deviation of solvent A from its ideal behavior 
with reference to Raoult’s law. It can be defined based on molality or an amount of 



























 In the equation above, 
*
A is chemical potential of pure solvent. 
A is chemical potential of solvent. 
AM is molar mass of solvent. 
1.3.6    Gibbs free energy 
The Gibbs free energy (G) is defined as the maximum amount of non-expansion work 
that can be extracted from a closed system. For chemical reactions, Gibbs free energy 
represents the driving force of reaction and it is equals to the difference between 
products’ and reactants’ free energy.  
The Gibbs free energy for substances undertaking the chemical reactions or phase 
changes in aqueous electrolyte systems depends on temperature, pressure and the 
amount of each substance i, present as ni. At constant temperature and pressure with 
small changes in the amount of substance dni, the Gibbs free energy can be written as 
(Margaret, 2007): 
innPT dndG ,....,,, 21)(  (1.25) 
 
The Gibbs free energy change can be defined as bases of chemical potential i : 
ii dndG    (1.26) 

















The Gibbs free energy changes for each substance according to: 

i




If both of pressure and temperature are allowed to vary as well, then the change in 
Gibbs free energy may be written as: 

i
iidnsdTvdpdG   (1.29) 
where, v  is the molar volume and s  is the entropy. 
 
A general chemical reaction at constant pressure and temperature can be written as: 
dDcCbBaA   (1.30) 
 
where a , b , c  and d  equals to the quantities of each species. The change in Gibbs 
free energy of this reaction is given as: 
BADCG    (1.31) 
1.4    Problem statement 
Hot potassium carbonate is an important class of electrolyte solution in CO2 
absorption processes. The main advantages include higher capacity to capture CO2 
even in presence of other compounds like SO2, more efficient separation because the 
absorption occurs at high temperature, lower toxicity and lower tendency to degrade. 
However, the main disadvantage of the hot potassium carbonate solvent system is the 
precipitation of the potassium carbonate and bicarbonate salts, which forms of fouling 
through accumulation of the salt crystals in the reboilers system due to the 
evaporation of water from the aqueous solution. The normality of the solution is 
strong electrolyte and the electrolytes react with the metallic materials such as steel 
and ferrite compounds. The reaction between the potassium carbonate solution and 
the metallic materials makes the packed corrosive.  
The main problem that will be dealt in this study is the precipitation of the 
potassium carbonate into a solid state which is caused by the saturation of hot 
potassium carbonate solution under process operation condition. Consequently, the 
phenomena would lead to accumulation of solid particles inside the units, mainly the 




of these particles reduces the heat transfer rate, stripper temperature and the process 
efficiency. In order to remove the solid accumulations, the process has to be shut 
down causing unnecessary loss of production. 
The studies of industrial processes problems contribute to the development of a 
scientific basis that can directly lead to understand the causes of problems beside the 
ability to solve or avoid the problems. The study of the crystallization problem of 
Benfield’s solution aimed to predict the solvent properties including the chemical, 
physical and thermodynamic properties. 
1.5    Objectives 
The objectives of this research are as follows: 
 To study the saturation behavior of potassium carbonate solution at 
different operating conditions and different concentrations. 
 To determine the effective parameters on solution thermodynamic and its 
chemical and physical properties. 
 To predict the saturation conditions of the potassium carbonate at the low 
and high operation temperature. 
 To validate the simulation results with the experimental data. 
 
1.6    Scope of study 
This study focuses on the thermodynamic properties of the Benfield’s system for acid 
gas removal. The Benfield’s solvent contains potassium carbonate/bicarbonate in 
aqueous system with varying carbonate conversion ratio for different operating 
conditions. The study also focuses on the analysis of complex solution based on 
varying concentrations, temperatures and pressures to establish the thermodynamics 
as well as the chemical and physical properties of the solution. 
The electrolyte data properties used in this work are generated using Aspen Plus 




electrolyte system and the electrolyte nonrandom two liquids (ENRTL) activity 
coefficient model (AspenTech, 1989). 
The Benfield’s process data is collected from a local fertilizer plant. The data 
includes the operation conditions, solution composition and solution analysis for 







2.1    Benfield solution 
Benfield’s solution is designed based on the equilibrium of the absorption reaction 
and the conversion of potassium carbonate to potassium bicarbonate. The empirical 
studies of the process used many equivalent concentrations of potassium carbonate 
which are ranged from  20 to 60 wt% aqueous solution (Kidnay, 2006). 
At 115.6 0C, the 60 wt% potassium carbonate solution can be converted to only 
about 30% bicarbonate without the formation of precipitate. A 50 wt% solution can 
achieve up to 50% conversion and a 40 wt% solution can theoretically reach a 100% 
conversion as it shown in appendix B, Figure B5. The literature study concluded that 
a 40 wt% equivalent concentration of potassium carbonate is the maximum 
concentration that can be used for the acid gas treating operation without the 
occurrence of precipitation, and a 30 wt% solution is considered a reasonable design 
value for most applications. The operation under this range should be accurate in the 
optimum operation conditions, but if cooling of the solution should occur at even a 30 
wt% potassium carbonate solution, it may even result in higher precipitation. On the 
basis of commercial plant experience with natural gas treating, the 30 wt% potassium 
carbonate equivalent has been recommended as a maximum solution concentration for 
Benfield process (Kohl, 1997). 
2.2    Activated CO2 absorption 




gas, many studies have been conducted to develop solvent activators that would 
increase the efficiency of acid gases absorption. The piperazine promoter was 
developed by Hilliard ( 2005;  2008) in Texas University and the study included 
thermodynamic properties estimation for the potassium carbonate solution. The study 
employed the method of regression of experimental data using Aspen Plus data 
analysis tools for electrolyte system (AspenTech, 1989). The research also focused on 
studying the interactions between molecules-molecules, molecules-electrolytes, for 
example between water and ion species, and the interactions between electrolytes or 
two different salts. The electrolyte NRTL model was used to estimate and predict the 
thermodynamic quantities, CO2 pressure, and the other thermal quantities such as heat 
capacity, enthalpy and Gibbs energy. The experimental data used in this study was 
collected from the pilot plant study in Austin Texas, for binary electrolyte systems of 
potassium carbonate, potassium bicarbonate, CO2, and water properties in aqueous 
systems (Zaytsev and Aseyev, 1992). In addition, the comparison has been adopted in 
the real data of Benfield’s process that were collected from Field (1960) and Kohl 
(1997). 
Cullinane (2004) compared the advantages and disadvantages of amine and 
potassium carbonate systems. The study indicated that carbonate system has low heat 
of regeneration. However, its rate of reaction was slower compared to amines system. 
This research also included the study of thermodynamics and kinetics data of 
potassium carbonate promoted by piperazine. Cullinane (2004) investigated the 
promoted solvent at 20-30 wt% K2CO3 system in wetted-wall column by using 
concentrations of 0.6 molality basis piperazine at range between 40 and 80 0C. The 
rate of CO2 absorption in promoted solvent compared favorably to that of 5.0 molality 
bases MEA and the heat of absorption increased from 3.7 to 10 kcal/mole. The 
capacity ranged from 0.4 to 0.8) mole CO2/kg H2O. 
2.3    Electrolyte thermodynamics 
Thomsen (1997) studied the thermodynamics of electrolyte system at low and high 




binary, ternary and quaternary systems for several salts in electrolyte system. The 
extended UNIQUAC model has been used for excess Gibbs energy for such aqueous 





















. The study also focused on the 
design, simulation, and optimization of the fractional crystallization processes using a 
steady state computer program simulator. In addition, the study also estimated the 
electrolyte solutions thermodynamics such as the excess enthalpy, heat capacity, 
activity coefficient and osmotic coefficient beside the salt saturation for the presented 
phases. The phase diagrams have been predicted by the extended UNIQUAC model 
and it was compared with experimental data from IVC-SEP electrolyte databank. The 
results of the study gave a satisfactory agreement with the collected experimental 
data. Moreover, the significant improvements in the design of crystallization process 
proved that the fractional crystallization process is theoretically possible. 
Other thermodynamic study presented by Liang-Sun et.al (2008) to predict the 
enthalpies of vaporization, freezing point depression and boiling point evaluations for 
aqueous electrolyte solution. The presented thermodynamic properties was predicted 
with the two-ionic parameters model involving the activity coefficients of two 
electrolyte-specific approaching and solution parameters of individual ions of 
electrolyte in aqueous solution. The results of this work showed a 60% relative 
deviation for enthalpy of vaporization and 70% for freezing point and boiling point 
evaporations. The relative deviation values accepted for some solutions of high 
concentration and also for that non-completely dissociated week electrolytes. 
Abovsky (1998) modified the electrolyte NRTL model based on concentration 
dependence parameters to enhance the model capability in representing the non-
ideality of concentrated electrolyte solutions. The concentration was assumed to be 
dependence on the activity coefficient expression for anions, cation, and molecular 
species which are derived from excess Gibbs free energy expression. The calculated 
values and the experimental data were reported in excellent agreement. The results 
showed that the derivations within experimental uncertainty were significantly 




Haghtalab (1988) studied the molal mean activity coefficient of several 
electrolytes consisting of long-range forces that were represented by the Debye-
Huckel theory and short-range forces represented by local compositions through 
nonrandom factors. The model is valid for whole range of electrolytes concentrations. 
The mean activity coefficient results were compared to the models which were 
obtained from two parameters and one parameter such as Meissner (1972), Bromley 
(1972), Pitzer (1975) and Chen et.al (1981). The model presented the experimental 
values from dilute region up to saturation concentrations. 
Haghtalab and Kiana (2009) are obtained a new electrolyte-UNIQUAQ-NRF 
excess Gibbs function for activity coefficient calculation of short-range contribution. 
The new model limited for binary electrolyte systems at temperature of 25
0
C. The 
model applied to calculate the activity coefficient for more than 130 binary electrolyte 
solutions based on the two adjustable parameters per electrolyte. Further, the model 
also used for the prediction of osmotic coefficients for the same electrolyte. The 
results of the new model compared with the excised models of electrolyte-NRTL-
NRF, N-Wilson-NRF and electrolyte-NRTL. The comparison demonstrated that the 
new model can correlate the activity coefficient from experimental data beside the 
prediction of osmotic coefficient. 
Speideh et.al (2007) are approached the Ion Pair Ghotbi-Verg Mean Spherical 
Approximation (IP-MGV-MSA) model for the ionic activity coefficient correlation. 
The model calculations based on MGV-MSA model which is correlate the mean ionic 
activity coefficient (MIAC) to a number of symmetric and non-symmetric aqueous 
electrolyte solutions at 25
0
C. The results of the new model of IP-MGV-MSA 
compared with those obtained from GV-MSA and MGV-MSA models. The 
comparison showed that the model can give more superior results than those obtained 
from MGV-MSA and GV-MSA models. 
Moggia (2007) estimated the electrolyte mean activity coefficient using the Pitzer 
specific ion interaction model. The study observed the disadvantage of Pitzer model 




acceptable from experimental measurement but can only be estimated using numerical 
techniques. 
2.4    Solubility and saturation index 
Kohl (1997) presented the results of an experimental estimation for the transport 
thermodynamic properties, mainly the specific gravity and viscosity for 20, 30 and 40 
wt% potassium carbonate solutions. For 30 wt% equivalent K2CO3 standard solution, 




C) and the boiling 




C). These points represented the critical temperatures 
of crystallization and evaporation of Benfield’s solution as minimum and maximum 
limits of operation. 
More recently, the solid-liquid equilibrium of K2CO3-K2CrO4-H2O has been 
studied by Du et al. (2006). The research was focused to study the solubility of the 
system at temperatures of 40, 60, 80 and 100 0C in order to determine the 
crystallization area in solid-liquid phase diagram. The experiment took ratios of 
components at fixed temperature and pressure. The results showed that the system 
does not form solid solution, and the salting-out (adding more of K2CO3 to precipitate 
K2CrO4) effect of K2CO3 on K2CrO4 was very strong which led to the decreased 
solubility of K2CrO4 in the solution. Furthermore, it was found that the evaporating 
crystallization was preferential and highly efficient way to separate most of K2CrO4 
from the system. 
Larson (1942)  determined the saturation index and alkalinity of CaCO3 based on 
the ionic strength, second ionization constant for HCO3
-
 dissociation, ionization 
constant of water dissociation, solubility product, and solution pH. The experimental 
work showed that the activity concepts gave more nearly correct results for water 
having values greater than 500 ppm. The results also discussed the correlations in 
form of alkalinity and saturation index. In addition, the correction values of the 






C and 80 
0
C. Furthermore, the method was used to calculate the solution pH and 
indicated the relation between active CO2 and the saturation index. 
2.5    Vapor liquid equilibrium 
Chen (1980) simulated the electrolyte system vapor-liquid equilibrium of industrial 
electrolytes. The study used several methods to calculate the electrolytes 
thermodynamic properties. Pitzer equation was selected to calculate the excess Gibbs 
free energy. The results of excess Gibbs free energy found good agreement with the 
industrial data of vapor-liquid equilibrium under limiting conditions. 
Instead of the non applicability of Pitzer equation for mixed solvent, the local 
composition model was developed. The assumption of the developed model was that 
the excess Gibbs free energy is equal to the summation of long-range and short-range 
contribution forces. The concepts of local contribution model are similar to the 
electrolyte NRTL model. 
The results of the simulation data with the experimental data of hot carbonate 
system for water activity coefficient, water pressure, CO2 pressure, heat capacity and 
heat enthalpy at different temperatures and concentrations was compared. The results 
also included the Pitzer parameters of electrolytes and salt activity coefficients at 






Modeling electrolyte system 
3.1    Introduction 
Aqueous electrolyte system can be defined simply as the composition uniform basis. 
The system consists of water in the form of solvent and ions in the form of solutes. 
The electrolyte system often behaves in complex and counter intuitive ways. This 
behavior may introduce a great risk into the plant design and operations if not 
properly understood and accounted for. The electrolyte system chemistry is also 
particularly complex and challenging to understand and predict. This statement is 
especially true for real industrial systems containing many compounds and operating 
under broad range of pressures, temperatures and concentrations.  Some examples of 
these operations include aqueous chemical and separation process, solution 
crystallization, pharmaceuticals and specialty chemical manufacturing, reactive 
separation including the acid gas treatment, waste water process, corrosion and 
scaling of equipments (Abdel-Aal, 2003). 
This chapter describes the development of models which are used to predict the 
thermodynamic properties of hot potassium carbonate system using Aspen Plus 
simulator (AspenTech, 1989). The study focuses on the analysis of carbonate/ 
bicarbonate solution at different operation conditions which are out of the common 





3.2    Research methodology 
The research methodology included two main sections; modeling and simulation. 
These sections involve the process of data collection, software selection, model 
descriptions and selection of solubility index model. 
3.2.1    Data collection 
The research focuses on an acid gas removal unit, specifically the Benfield’s system. 
Benfield’s system is actually using different types of operation conditions based on 
the process design and the natural gas composition. These differences lead to an 
expansion of the data collection sources. The data were eventually collected from two 
different plants, namely a fertilizer plant and a natural gas processing plant. 
The collected data comprises the process flow diagram beside the operation 
conditions and Benfield’s solvent composition. The process flow diagram consists of 
the absorption unit, the stripper unit, reboilers system and other utilities. The 
operation condition data considered in the study are temperatures, pressures, mass 
flows, chemical reactions and material conversion rate. The Benfield’s solvent 
composition comprises the standard solvent composition, rich solvent composition 
and lean solvent composition. 
The natural gas uses as a feed material to produce granular urea from ammonia 
and carbon dioxide in the fertilizer plant. The production involves series of chemical 
processes that ends with the synthesis of urea accordingly. The synthesis of urea also 
results in excess ammonia which can be sold. The co-product of methanol will 
provide feedstock for the production of formaldehyde required in granular urea 
production. The fertilizer plant operation capacity designed to be 2100 metric ton per 
day of granular urea. 
The main unit which is involves in this study called Benfield’s process. This unit 
used for natural gas purification or CO2 production. The CO2 absorption process 




(25 and 75) 
0
C and the regeneration (CO2 liberation) at temperature range between 
(80 and 120) 
0
C. The K2CO3 concentration designed to be 30 wt% beside a (1-3) wt% 
of DEA activator and (0.4-0.7) wt% of V2O5 corrosion inhibitor as shown in Table 1-
2 for four cases included the deviations of actual operation conditions from the 
designed conditions. 
In the natural gas processing and liquefy natural gas (LNG) plants, Benfield’s 
system use in gas purification section for CO2 and SO2 absorption. The natural gas 
process unit was presented in the current study as a high pressure operation process. 
The unit designed in tow typical stages with treating capacity of 18.705 Kgmol/hr, 
pressure from 2 bar up to 6 bar. The losses of Benfield’s solution composition 
presented to be (14,000 Kg/year) K2CO3, (1,400 Kg/year) DEA, (400 Kg/year) V2O5 
and the circulation of the lean solution contained (694 to 1017) m3/hr. the treated gas 
composition contained 2 ppmv CO2 and 2.5 ppmv SO2 as a maximum amounts. 
3.2.2    Software selection 
Aspen plus electrolyte system is found to be the most appropriate electrolyte system 
simulator. It is capable of computing many electrolytes properties such as physical, 
chemical and thermodynamic properties. The software offers a comprehensive 
collection of built-in binary parameters for activity coefficient models based on the 
WILSON, NRTL and UNIQUAC property methods. The data bank is available for 
vapor-liquid (VLE) and liquid-liquid (LLE) equilibrium and also contains a large 
collection of Henry’s law constants (AspenTech, 1989). 
In Aspen plus electrolyte system, the vapor-liquid equilibrium application consists 
of databanks of VLE_IG, VLE_RK, VLE_HOC, and VLE-LIT. These databanks 
developed by Aspen Technology using VLE data from the Dortmund databank. 
Additional data of pressures and temperatures are also built for limited components. 







Table 3-1 The Built Binary parameters for liquid system 





VLE-IG WISON,NRTL, UNIQUAC Ideal gas 3600 
VLE-RK WILS-RK, NRTL-RK, UNIQ-RK Redlich-Kwong 3600 
VLE-HOC WILS-HOC, NRTL-HOC, UNIQ-HOC Hayden-
O’Connell 
3600 
VLE-LIT WILSON, NRTL, UNIQUAC Ideal gas 1200 
 
The generation of solution chemistry in Aspen Plus is based on the components 
that make-up the solution’s composition. The carbonate system selected components 
are H2O, CO2, K2CO3 and KHCO3. The component CO2 is defined as Henry 
component for vapor-liquid equilibrium between CO2 and water. The aqueous phase 




332 2 COKCOK  
(3.1) 
  33 HCOKKHCO  
(3.2) 




3323 COOHOHHCO  
(3.4) 







  3)(3 HCOKKHCO S  
(3.7) 
The reactions above comprise the dissociation, vapor liquid equilibrium reaction 




Reactions (3.1) and (3.2) describe the dissociation of potassium carbonate and 









) for bicarbonate. Reaction (3.3) describes the hydrolysis and ionization of 
dissolved CO2 to H3O
+
 and bicarbonate (HCO3
-












) ions. Reactions (3.6) and (3.7) describe the 









) for bicarbonate (Hilliard, 2005; Hilliard, 2008). 
3.2.3    Simulation flow diagram description  
The installation of Aspen Plus property analysis starts with the collection of the 
operation conditions and the chemical composition of carbonate/bicarbonate aqueous 
electrolyte solution. The input data includes the components’ concentrations, 
temperatures, and pressures. The electrolyte chemistry has been generated using the 
format of the chemical reaction equations and electrolyte ionic species composition. 
The valid phase of the absorption process selected to be a vapor-liquid phase. The 
electrolyte NRTL model has been selected as a property method and Redlich-Kwong 
(RK) model selected for the vapor-liquid equilibrium (VLE) calculations. 
Furthermore, CO2 was defined as Henry component to validate Henry’s law. The 
input data needed for property analysis manipulated in order to calculate the selected 
thermodynamic properties. The input conditions of property analysis engine can be 
separated (optionally) from the main flow sheet. The success of the simulation run 
associated to the estimated degree of freedom (DOF) of the process parameters. The 
generated results can be only accepted if the DOF=0. The DOF values which are less 
or greater than zero are only point to a wrong or mistaken results. In addition, the 
input data can be modified after the simulation runs to fix the errors. Figure 3.1 
summarizes the flow of the simulation process and the simulation steps shown in 




The simulation outputs generation depends on the selected property data for the 
valid phase. Table 3-2 shows the selected property data for K2CO3-H2O, KHCO3-
H2O, and K2CO3-KHCO3-H2O-CO2 systems. 
 
Table 3-2 Property sets as data analysis outputs 
Property symbol Property details  
SOLINDEX Salt Solubility index 
THERMAL Enthalpy, heat capacity and thermal conductivity 
TXPORT Density, viscosity and surface tension 
VLE Fugacity, activity and vapor pressure 
pH pH at current temperature 
FTRUE True component mole flow in liquid phase 
XTRUE True component mole fraction in liquid phase 
FAPP Apparent component mole flow in liquid phase  
 
 




3.2.4    Model descriptions 
Aspen Plus electrolyte database contains 300 electrolyte components defined with 
chemical and physical properties. It can be used for very low and high concentrations 
of electrolytes. For vapor liquid equilibrium, the ELECNRTL property method is 
fully supported with the Redlich-Kwong equation of state. This property method is 
defined as NRTL-RK (Park, 1997). 
Aspen Plus property data includes many binary and pair parameters. It also 
accounts the chemical equilibrium constants which are generated from regression of 
experimental data. 
3.2.4.1    Vapor phase model 
The modified Soave-Redlich-Kwong equation of state is given by the following 

















kaaa   (3.9) 



















Tm   (3.13) 
2
176.057.148.0 iiim    
(3.14) 
where: 




R 8.3144 J/K.mole 
T Temperature in K 
 Nonrandom less parameter (0.2) 
ia Activity of component i 
Vm Molar volume 
 A centric factor = 1)log( 
sat
rP  at (Tr=0.7) 
3.2.4.2    Activity coefficient model 
The electrolyte nonrandom two liquid (NRTL) is a versatile model for activity 
coefficient using binary and pair parameters. The model can represent aqueous 
electrolyte system as well as mixed solvent. Furthermore, it can calculate the activity 
coefficient (  ,  ) and mean ionic activity coefficient (  ) for ionic species and 
molecular species in aqueous electrolyte system. The calculation of mean ionic 





   
 
(3.15) 
where x, y are the number of cations and anions, respectively. 
The electrolyte NRTL activity coefficient model is based on two fundamental 
assumptions. The first assumption is the like-ion repulsion. This assumption states 
that the local composition of cations around anions is zero (and likewise for anions 
around cations). This is due to the repulsive force between the same charged ions is 
extremely large and is also very strong for the neighboring species. The second 
assumption is based on the local electroneutrality, which states that the contribution of 
cations and anions around a central molecular species is such that the net local ionic 
charge is zero. Local electroneutrality has been observed for interstitial molecules in 
salt crystals (AspenTech, 1989; and Hilliard, 2004). 
Aspen plus electrolyte NRTL is also used to calculate enthalpies and Gibbs free 




component dielectric constant coefficient of non-aqueous solvent, Born radius of 
ionic species and the NRTL parameters for molecule-molecule, molecule-electrolyte, 
and electrolyte- electrolyte pairs (Orbey, 1998). 
3.2.4.3    Energy parameters 
Electrolyte NRTL database contains the norandomness factors GMELCN along with 
the energy parameters of GMELCC, GMELCD and GMELCE for many molecule-
electrolyte and electrolyte-electrolyte pairs. Temperature dependency of the dielectric 

















The temperature dependency relations of electrolyte NRTL parameters are: 








'' )ln(   
 
(3.17) 






































































































































In the above equations; 
  = the NRTL energy parameter 
B = solvent 




a = anion 
refT = 298.15 K 
T = the actual temperature 
3.2.4.4    Excess Gibbs free energy model 
The excess Gibbs free energy expression which contains two contributions was 
proposed by Chen et.al (1982). The first contribution is for the long range ion-ion 
interaction and the second is related to the local interactions that exist around the 
species. The unsymmetrical Pitzer-Debije-Huchel (PDH) model and the Born 
equation are used to represent the contribution of the long range ion-ion interactions 
while the NRTL method is used to represent the local interaction (lc). The local 
interaction model was developed as a symmetric model with a reference state based 
on pure solvent and pure completely dissociated liquid electrolyte. In infinite dilution, 
activities are then normalized by the model to obtain an unsymmetrical model. The 
NRTL expression for the local interactions, the Pitzer-Debije-Huchel expression and 




























































lnlnlnln    (3.24) 
 










































































Ms  = the molecular weight of the solvent 
 =the (closest approached) parameter  
Ix =the ionic strength on the mole fraction base 
A =Debjie Huckel Parameter 
xi = mole fraction of the component i  
zi =the ionic charge of component  i 
N0   =Avogadro’s number 
d   = is the solvent density 
e    = the charge of an electron 
Dw = the dielectric constant of water 
T   = the temperature in Kelvin 
k    = the Boltzmann constant 
 
The Born correlation for Gibbs energy calculation is based on the change in reference 



































In equation (3.28), ri is the Born radius, mD is the dielectric of mixed solvent and 













  (3.29) 
where: 
*




=Molar excess Gibbs free energy and * refers to a symmetrical reference state 
*
w =Thermodynamic potential 
 igwwigww *,**,*    (3.30) 
 aqpkaqkfk GGfcn ,, ,    (3.31) 
The electrolyte NRTL model can be extended to handle multicomponent systems. The 


































































































 j and k can be any species (a, c, or B). 
 






































































































































































































































































































































































































































































































caBBcaaBcaBa ,,,    (3.42) 
caBBcacBacBc ,,,    (3.43) 
where: 
Xj= xj Cj  (Cj=Zj for ions; Cj = unity of molecule). 
cz  = charge number of cation 
az  = charge number of anion 
   = binary energy interaction parameter 
3.2.4.5    Electrolyte NRTL enthalpy model 














  is the molar excess enthalpy calculated from NRTL activity coefficient model. 
*
wH  the pure water molar enthalpy. 




































kH  can be calculated from infinite dilution aqueous phase heat 
capacity polynomial model based on the Criss-Cobble model for ions and from 
Henry’s law for molecular solutes (AspenTech, 1989). 
3.2.5    Solubility index model 
The solubility index (SI) is a useful property for analyzing the solutions solid-liquid 
phase equilibrium. For electrolyte solutions, an SI value of greater than 1 indicates 
that the salt exists as a solid.  On the other hand, an SI value of less than 1 means the 
salt has not reached the saturation point and will be in the aqueous phase. The 
solubility index is defined as activity product of the salt divided by the solubility 









































NC= number of the chemical species 
a = activity 
A = Debjie Huckel parameter 
n = mole number 




K = solubility product 
k = stoichiometric coefficient for cation 
α= degree of dissociation  





Results and discussion 
4.1    Introduction  
This chapter presents the results of the HPC thermodynamic study and discusses the 
reality and deviation of the results from the experimental data. Most of the results of 
electrolyte system were verified with the experimental of certain studies of certain 
electrolyte system. These experimental studies are; properties of aqueous solutions of 
electrolytes (Zaytsey, 1992), experimental studies of Benfield system (Kohl, 1997) 
and thermodynamics of hot potassium carbonate system using Aspen Plus (Hilliard, 
2004; Hilliard, 2008). 
The implementation of the simulation was based on the real data for the 
Benfield’s system. These data were introduced into the simulation in order to 
determine the effects of process conditions electrolyte properties such as solubility 
index, pH, thermal, VLE, and transport properties using Aspen electrolyte property 
analysis tools. 
4.2    Case study details 
The case study contains the primary findings of the crystallized solvent and the 
analysis of the dry bases found in several positions of reboilers shell side and 
pipelines in the Benfield’s system. In addition, the case study also includes the history 
report of the reboilers’ blockage and the operation monitors in the cause of reboilers’ 




Three different studies were simulated, each of which is based on specific 
consideration of several distributed concentrations that depend on the chemical 
conversion and solution composition. The three studies are: 
(i)  30 wt% equivalent K2CO3 standard solution 
(ii)  K2CO3+KHCO3+H2O+CO2 mixture solution 
(iii) K2CO3+ H2O and K2CO3+ H2O binary system  
4.2.1    Reboilers blockage of Benfield system 
Benfield’s system at a local fertilizer plant has two units of Reboilers A and B. The 
two reboilers are of the shell and tube type with two tube passes. Both units are 
scheduled for tube bundle inspection during the operation time.  Aqueous carbonate 
solution was drained after shut down via the bottom reboilers drain valves. Reboiler A 
was completely drained. Further, an internal inspection showed few locations in the 
shell side with black solid layer. However the draining of reboiler B was incomplete. 
This was because of some aqueous solution still remained in the system. Upon 
inspection, it was found that about 60% of the unit was immersed in crystallized 
solution and the tube bundle could not be removed for inspection. 
 
 




4.2.2    Operation monitors on the cause of reboilers blockage 
The Benfield’s plant already had several unplanned shut downs before the time for 
scheduled shutdown of the total plant. Most of the incidents were due to boilers 
tripping, lost of circulation from the reboilers to the regenerator, or blockage of drain 
valves.  From observation, it was found that insufficient regeneration and lack of 
steam supply during these occasions has led to the drop of temperature in the system. 
The accumulated carbonate solution then started to crystallize as the temperature 
cools. The crystallization problem was further aggravated by the repeated unplanned 
shut downs that led to the accumulation of crystallized Benfield’s solution. The level 
transmitters of both of Reboilers A and B gave a zero reading after draining activity, 
while the solution was not completely drain. 
4.2.3    The‎reported‎analysis‎for‎Benfield’s reboilers system crystallization 
The solid content of Benfield solution collected from the bundle pipes of reboilers A 
and B after process shutdown in fertilizer plant was sent for laboratory analysis. In 
reboiler A the crystals was found to be containing 30.6 wt% K2CO3 dry bases. In 
addition, brown mud was found in reboiler B. The mud was found to be containing 63 
wt% K2CO3 dry bases along with suspected bicarbonate crystals. These results 
collected form Benfield system Users’ Forum Book (Penang, January 2001). 
4.2.4    Chemical data inputs 
The input data for electrolyte thermodynamic analysis of each of the case studies 
include the solution composition (Table 4-1), the equilibrium and dissociation 
reactions of the electrolyte solution (Table 4-2), the basic thermodynamic properties 
of components (Tables 4-3 to 4-6) and the NRTL pair parameters values (Table 4-7 to 
4-10). The solution concentration and the components distribution are selected 
discretely for three different cases. Firstly for 30 wt% equivalent K2CO3 standard 
solution, the concentration of K2CO3 is constant. Secondly for mixture solution of 




of carbonate and bicarbonate based on the chemical conversion as shown in Table 4-
11. The table describes ten carbonate/bicarbonate ratios commencing from (2.1706/ 
0.0000) molality bases, which is equals to 30% K2CO3 standard solution to 
(0.0000/2.9953). The aim of this case focuses to determine the effect of the 
appearance of bicarbonate species on the solution properties in the case of the ideal 
operational process.  The third case is the binary systems of (K2CO3+H2O) and 
(KHCO3+H2O), the concentrations changes from (1 to 7.0) mole/KgH2O. These 
distributions can cover all the composition and concentration possibilities that could 
be going through the solution stream from the absorption unit to the regeneration unit. 
 
Table 4-1 Carbonate solution composition 
Chemical formula  Type Scientific name 
H2O CONV WATER 
K2CO3 CONV POTASSIUM-CARBONATE 











CO2 CONV CARBON-DIOXIDE 
KHCO3(S) SOLID POTASSIUM-BICARBONATE 


























Table 4-2 Equilibrium and dissociation reactions 
Reaction Type Reaction equation 
1 Equilibrium 2 H2O          H3O
+
  +  OH
-
 
2 Equilibrium CO2  +  2 H2O             H3O
+





 +  H2O            H3O
+
  +  CO3
--
 
K2CO3(S) Salt K2CO3(S)             2 K
+
  +  CO3
--
 
KHCO3(S) Salt KHCO3(S)             K
+
  +  HCO3
-
 
K2CO3 Dissociation K2CO3         2 K
+
  +  CO3
--
 
KHCO3 Dissociation KHCO3             K
+








Table 4-3 Components basic thermodynamic properties 











API - 10 - - - - 340 - - - - - 
CHARGE - 0 0 0 1 1 0 0 0 -1 -2 -1 
CHI - 0 0 0 0 0 0 0 0 0 0 0 
DGAQFM J/KMOL 0 0 0 -237129000 -283270000 -385980000 0 0 -586770000 -527810000 -157244000 
DGAQHG J/KMOL 0 0 0 -237129000 -282650868 -386232300 0 0 -587332678 -528336479 -157402746 
DGFORM J/KMOL -228766750 0 0 0 481200000 -394647770 0 0 0 0 0 
DGFVK J/KMOL 0 0 0 0 0 0 0 0 0 0 0 
DGSFRM J/KMOL -236760000 -10635*10
5
 -863500000 0 0 0 -863500000 -10635*10
5
 0 0 0 
DHAQFM J/KMOL 0 0 0 -285830000 -252380000 -413800000 0 0 -691990000 -677140000 -229994000 
DHAQHG J/KMOL 0 0 0 -285830000 -252338436 -414074520 0 0 -690394946 -675686718 -230177704 
DHFORM J/KMOL -241997040 0 0 0 514260000 -393768540 0 0 0 0 -143510000 







       
Table 4-4 Continues components basic thermodynamic properties 











DHSFRM J/KMOL -292920000 -1151020000 -963200000 0 0 0 -963200000 -1151020000 0 0 0 
DHVLB J/KMOL 40683136 - - - - 17165880 - - - - - 
DLWC - 1 1 1 1 1 1 1 1 1 1 1 
DVBLNC - 1 1 1 1 1 1 1 1 1 1 1 
HCOM J/KMOL 0 0 0 0 0 0 0 0 0 0 0 
IONRDL WATT/M-K - - - -0.009071 -0.00756 - - - -0.016631 -0.00756 0.020934 
IONTYP - 0 0 0 1 1 0 0 0 4 3 2 
MUP (J*CUM)**.5 5.69E-25 0 0 0 0 0 0 0 0 0 0 
MW - 18.01528 138.2058 100.11544 19.02267 39.09775 44.0098 100.11544 138.2058 61.01769 60.0103 17.00789 
OMEGA - 0.320965206 0 0 0.296 0.296 0.225 0 0 0.296 0.296 0.296 
OMEGHG J/KMOL 0 0 0 121945527 80679636 -8373600 0 0 533105244 1419911350 722055528 
OMGPR - 0.320965206 0 0 0 0 0.225 0 0 0 0 0 









Table 4-5 Continues components basic thermodynamic properties 











PC N/SQM 22048320 5000000 5000000 2968820 2968820 7376460 5000000 5000000 2968820 2968820 2968820 
PCPR N/SQM 22048320 5000000 5000000 5000000 5000000 7376460 5000000 5000000 5000000 5000000 5000000 
PCRKS N/SQM 22048320 5000000 5000000 5000000 5000000 7376460 5000000 5000000 5000000 5000000 5000000 
RADIUS METER - 3E-10 3E-10 3E-10 3E-10 - 3E-10 3E-10 3E-10 3E-10 3E-10 
RHOM KG/CUM 0 0 0 0 0 0 0 0 0 0 0 
RKTZRA - 0.259354595 0.29185962 0.29185962 0.25 0.25 0.2736149 0.29185962 0.29185962 0.25 0.25 0.25 
S025C J/KMOL-K 0 0 0 69910 102500 117600 0 0 91200 -56900 -10750 
S025E J/KMOL-K 0 0 0 233253.5 -670 210887.4 0 0 444140.9 444140.9 233253.5 
S25HG J/KMOL-K 0 0 0 69910 101111.22 117649.08 0 0 98515.404 -50032.26 -10718.208 









Table 4-6 Continues components basic thermodynamic properties 











TB K 373.2 341.9 341.9 341.9 341.9 194.7 341.9 341.9 341.9 341.9 341.9 
TC K 647.3 2000 2000 507.4 507.4 304.2 2000 2000 507.4 507.4 507.4 
TCPR K 647.3 2000 2000 500 500 304.2 2000 2000 500 500 500 
TCRKS K 647.3 2000 2000 500 500 304.2 2000 2000 500 500 500 
TFP K 273.2 1174 177.8 177.8 177.8 216.6 177.8 1174 177.8 177.8 177.8 
TREFHS K 298.15 298.15 298.15 298.15 298.15 298.15 298.15 298.15 298.15 298.15 298.15 
VB CUM/KMOL 0.01963607 0.140903 0.140903 0.140903 0.140903 0.035637394 0.140903 0.140903 0.140903 0.140903 0.140903 
VC CUM/KMOL 0.05589534 0.1 0.1 0.369445 0.369445 0.093944596 0.1 0.1 0.369445 0.369445 0.369445 
VCRKT CUM/KMOL 0.05589534 0.369445 0.369445 0.25 0.25 0.093944596 0.369445 0.369445 0.25 0.25 0.25 
VLSTD CUM/KMOL 0.020246805 0.298906345 0.298906345 - - 0.0535578 0.298906345 0.298906345 - - - 




Table 4-7 NRTL pair parameter CC-1 


























































































 CO2  -8 
                
Table 4-8 NRTL pair parameter CN-1 
























Table 4-9 NRTL pair parameter CD-1 
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Table 4-10 NRTL pair parameter CE-1 

















































Table 4- 11 Case study concentration ratios of (carbonate/bicarbonate) at pressures (1 
















4.2.5    30 wt% Potassium carbonate standard solution     
The thermodynamic analysis of the present Benfield’s system is based on potassium 
carbonate solution (30 wt%) and the solution of carbonate/bicarbonate mixture. The 
transport properties estimated for 30 wt% carbonate solution are solution viscosity, 
density and saturation index for a temperature range (280.15 and 370.15 K) based on 
the freezing and boiling temperatures at 283.15 K and 366.48 K respectively (Kohl, 
1997) see appendix B, Figure B3. As shown in Figure 4.2, the viscosity decreased 
with temperature until it reaches the boiling temperature, then it increased at 
temperatures higher than the boiling temperature, which might be due to the 
evaporation of water and hence the change in the liquid solvent volume. The present 
estimated boiling temperature (362.15 K) satisfactorily agrees with the reported value 
of 366.15 K (Kohl, 1997) with an error of -1.1 %. Figure 4.3, shows the solubility 




(for the solubility index 1) agrees well with the reported experimental data (Kohl, 
1997). The error is only +1.4 %.  
Figure 4.4, shows the estimated values of solution density whereas the estimated 
specific gravity values are compared with the reported values of Kohl (1997) as it 
shown in Table 4-12. The original graph of specific gravity shows in appendix B, 
Figure B4. Figure 4.5 shows the effect of temperature on the water activity coefficient 
and Table 4-13 shows the comparison of present estimated water activity coefficient 
values with that of Walker (1970). The literature data of water activity and density 
presented in appendix B, Figure B6 and the Tables from B1 to B8. Beside the 
presented properties, the heat capacity, enthalpy, and solution pH have been estimated 
and they are shown in Figures 4.6, 4.7 and 4.8 respectively. In Figure 4.6, the solution 
total heat capacity increased from 1831.4 J/kg.K to 2347.1 J/kg.K for temperatures 
366.15K and 280.15 K, respectively that because of the changing of the K2CO3 
system internal energy. On the other hand, the temperature was also used to increase 
quantity of total heat enthalpy by effecting on water and solute dissociation; these 
results shown in Figure 4.7. Figure 4.8 showed the solution (water) pH curve which is 
increase until the temperature of 304.75 K and then decreased to the temperature of 
366.15 K. this behavior related to the water dissociation, solute dissociation and 
solute activity coefficient at temperatures lower than 304.75 K. Table 4-14 shows the 
values of water activity, density, enthalpy, heat capacity, solubility index, and solution 






Figure ‎4-2 Viscosity of 30 wt% K2CO3 at 1 bar 
 






































































Figure ‎4-4 The solution density changes with temperature at pressure 1 bar 
 






























































Figure ‎4-6 Solution heat capacity at constant pressure 1 bar 
 































































Figure ‎4-8 Solution pH at constant pressure 1 bar 
 









70 1.3006 1.3158 1.17% 
75 1.2948 1.3111 1.26% 
80 1.2900 1.3086 1.44% 
85 1.2842 1.3009 1.32% 
90 1.2795 1.2982 1.49% 
95 1.2736 1.2955 1.77% 
100 1.2690 1.2907 1.71% 



















30 0.8855 0.7970 -9.99 
40 0.8864 0.8147 -8.09 
50 0.8885 0.8310 -6.47 
60 0.8910 0.8462 -5.03 
70 0.8948 0.8604 -3.85 
80 0.9001 0.8736 -2.94 
90 0.9037 0.8861 -1.95 
100 0.9043 0.8979 -0.70 
 
 















Min 287.15 0.76449 -13585 1873.37 1343.896 1 12.938 
Max 362.15 0.887 -13417.52 2349.53 1298.913 0.02216 11.569 
4.2.6    K2CO3+KHCO3+H2O+CO2 mixture system 
Since the present simulated results of K2CO3 solution in this study showed a fair 
degree of accuracy with the available literature, it is further decided to extend the 
simulation for of K2CO3+KHCO3+H2O+CO2 mixture system. By following the 
similar procedure, the simulation was carried out by taking the possibilities of 
different carbonate/bicarbonate ratios in the solution based on the initial concentration 
of 2.1706 mole K2CO3. It was assumed that the carbonate was totally converted to 
bicarbonate during the CO2 absorption process and all bicarbonate were assumed to be 
converted back into carbonate during the stripping process based on the absorption 
reaction (Equation 1.1). These assumptions were critical in evaluating the properties 




addition, the assumptions gave an ability to perform the chemical conversion of the 
ideal process for all the possibilities of carbonate/bicarbonate concentration ratios. 
The present analysis has been performed for different concentration ratios as 
shown in Table 4-11 at a temperature range of 298.15 to 403.15 K and at 1 and 2 bar 
pressures. In Table4-11, the initial ratio (carbonate/bicarbonate) for 30 wt% potassium 
carbonate was 2.1706:0.0000 at zero conversion. For 100% conversion, the final ratio 
was presented at 0.0000:2.9953. 
Figure 4.9 shows the density changes with the carbonate/bicarbonate 
concentration. The estimated solution densities are higher for the higher 
concentrations of carbonate, and lower for the higher concentrations of bicarbonate. 
For the first ratio (2.1706/0.0000), the solution density decreases when the 
temperature increases until the boiling temperature of 378.65 K for 1 bar pressure and 
396.15 K for 2 bar. For the other ratios from (1.9294/0.3328 to 0.0000/2.9954), the 
density shows a different behavior with the appearance of bicarbonate anion (HCO3
-
). 
The concentration of the bicarbonate anion (HCO3
-
) starts to increase as the CO2 
absorption into the liquid phase increases. Figures (4.10) and (4.11) show the relation 
between the mole rate of the CO2 and all of the carbonate and bicarbonate anions 
under similar conditions. 
The liquid density increases from 298.15 K to the range of 312.15 K- 322.15 K 
and then it starts to decrease until it reaches the boiling temperature. This increases of 
density usually occurred at the low temperatures when the bicarbonate anions give 
activity coefficient values that is higher than unity. The mixture solution densities 
were increased at temperatures higher than the estimated boiling point for all 
concentration ratios used in the present study. Figures 4.12 and 4.13 further showed 




































































Figure ‎4-9 Effects of K2CO3 conversion and temperature on solution density 
 







































































































 in mixture solution 
 

















































































































































Figure ‎4-13 Effects of K2CO3 conversion and temperature on solution heat capacity 
 
The solvent thermodynamic activity can be measured by solubility, vapor pressure 
and electrochemical potential (Butler, 1998). The electrochemical potential of a 
solution is affected by the ions composition, types of ion, pressure and temperature. 
Most of the electrolyte data estimated at the standard conditions of 25
0
C temperature 
and 1 atm pressure. Aspen Plus simulator has the capability to predict the electrolyte 
temperature dependence properties based on the equilibrium data of electrolytes 
(AspenTech, 1989). The water properties were determined as monitor properties and 
they can point to the solid-liquid equilibrium at a known carbonate/bicarbonate 
concentration, temperature and pressure. 
The deviation of water fugacity coefficient records very small changes with the 
chemical conversions, but the boiling point increases from 385 K to 395 K at 




The water activity coefficient values of mixed carbonate/bicarbonate solution are 
shown in Figure 4.15 for different temperatures and pressures. A decrease in the 
concentration of K2CO3 affected positively in the water activity coefficient due to the 
depression of K2CO3 concentration with the chemical conversion from (2.1706 to 
0.0000) mole/KgH2O. An increase in the temperature from 298.15 to 378.15 K 
increases the water activity coefficient due to the dissociation effect of water and the 
solubility of the carbonate and bicarbonate mixture. The water activity values 
decreases for the entire mixture solution ratios at temperatures greater than 378.15 K. 
This might be due to the effect of higher boiling temperature on the liquid volume as 
the pressure increases. The water pressure increased from 921.69 mmHg to 2023.01 
mmHg, while the water mole fraction decreased slightly from 0.854 to 0.6013 for 
temperatures 378.65 K and 403.15 K, respectively, at pressure of 1 bar.  
For pressure at 2 bar, the water pressure was increased from 1634.86 mmHg to 
2023.91 mmHg and the liquid mole fraction was decreased from 0.8535 to 0.8316 for 
temperatures of 396.15 K and 403.15 K, respectively. Figure 4.16 shows direct 
relations between the water vapor pressure and the average mole fraction of water at 
pressures of 1 and 2 bar. In Figure 4.16, the presented values of water mole fraction in 
the liquid phase at pressures 1 bar and 2 bar proved that the operation performed at 2 
bar pressure gave a wider range of liquid phase than the operation at 1 bar. The reason 
of this behavior is related to the changes of boiling temperature between operating 
pressures of 1 and 2 bar. It is further justified that the effects of operating pressure on 
the boiling temperature has also an effect on the liquid volume of the solution and this 
can explain the sudden drop of water mole fraction at vapor pressure of 1.5×107 
mmHg at  pressure 1bar. However, it slightly decreases from vapor pressure of 
2.75×107 mmHg at pressure 2 bar. The change of the liquid mole fraction between 






































































Figure ‎4-14 Effects of K2CO3 conversion and temperature on water fugacity 
 
Figure 4.17 shows the solution pH estimation as a function of temperature and 
concentration. Based on Handeson-Hasselbalch equation, the change of temperature 
can affect pH by temperature-induced shift in the pK value (Grinstein, 1988). This 












                                                                                  (4.2) 
The temperature always supports the water dissociation reaction and the water 
ionization constant (Kw) will increase proportionally with the increase in the pH value. 
The concentration factor strongly affects the solution pH vis-a-vis the temperature. In 
HPC solution, the pH value controlled is by the carbonate (CO3
--






) ions. Therefore higher pH values are found at high concentrations of 
carbonate ions. 
 








































































































Operating preesure 1 bar
Operating preesure 2 bar
 
Figure ‎4-16 The relation between water pressure and the average of water mole 
fraction 
 

















































The mean activity coefficient of carbonate and bicarbonate are presented in 
Figures 4.18 and 4.19, respectively. The carbonate ions give value of mean activity 
coefficient values higher than the bicarbonate in references to the high alkalinity of 
carbonate ions in the solution. 











                                                                                       (4.3) 
where n is the total number of (x + y) ions, x is moles of cations, y is moles of 
anions, Ksp is solubility product constant and S is the solubility of salt as mass fraction 
of solute in kg solvent (Butler, 1998). The solubility product constant is related 
directly to the salt concentration and at the same time the solubility product constant 
is a function of temperature. 
The relation between concentration and solubility is inversely proportional. 
Furthermore, the temperature affects proportionally on the solubility up to the solution 
boiling point. Figures 4.20 and 4.21 showed the temperature effects on solution 
solubility in cases of carbonate and bicarbonate. The graphs clarified the critical 
temperature of the boiling points at different pressures. In this case, the study did not 
find any critical points for crystallization at lower temperatures for both carbonate and 
bicarbonate. The solubility index graph in Figure 4.20 explains the solid-liquid 
equilibrium points for carbonate at pressure 1 bar and temperature 396 K. For 
bicarbonate component as shown in Figure 4.21, all the estimated values of solubility 















































































Figure ‎4-18 Temperature effects on K2CO3 activity coefficient in mixture solution 
 














































































































































Figure ‎4-20 Temperature effects on K2CO3 solubility index in mixture solution 
 
































































4.2.7    K2CO3+H2O and KHCO3+H2O binary system analysis 
In this part, the study simulates the binary system of carbonate and bicarbonate 
individually in order to investigate the solution solubility change with temperature at 
different concentrations. The input values comprise concentration range between 1 m 
and 7 m, temperature ranges from 298.15 K to 413.15 K, and pressures of 1 bar and 2 
bar. 
In the electrolyte systems, the quantity of solution liquid enthalpy is equals to the 
summation of three types of enthalpies: the molar enthalpy, the excess enthalpy which 
calculated with the NRTL activity coefficient and the molar enthalpy of pure water as 
it shown in equation (3.44). The excess NRTL enthalpy changed with the solution 
activity coefficient at the current temperature and constant pressure as show in the 






























For the carbonate binary system, Figure 4-22 showed the variation of heat 
enthalpy changing with temperature and solute concentration. The quantity of the 
solution heat enthalpy increased slightly with an increase in temperature for each 
concentration and it gave a wide change with the carbonate solute concentration. The 
increases of carbonate concentration from 1m to 7m used to increase the enthalpy. In 
the exothermic reactions of salt dissociation, the increase of salt concentration is used 
to increase the produced heat enthalpy. These explanations can be generalized for 
enthalpies of bicarbonate binary system in Figure 4-23 with a difference in the 




capacity of both carbonate and bicarbonate binary systems and concentrations 
decrease the heat capacity as it shown in figures 4-24 and 4-25, respectively.  
The water activity coefficient of carbonate and bicarbonate are presented in the 
Figures 4.26 and 4.27, respectively. The concentration of both electrolytes affected 
negatively on water activity coefficients, while the temperature affected the activity 
coefficients positively. This is because of the temperature supported the dissociation 
reaction of carbonate and bicarbonate, which lead to increase in the reaction 
equilibrium constant. Figures 4.32 and 4.33 show the simulation heat capacity results 
compared with experimental data collected from Zaytsey and Aseyev (1992) . 
The study of single component electrolyte solubility index for carbonate and 
bicarbonate are presented in Figures 4.28 and 4.29. For 1 m, 2 m, and 3 m carbonate 
solutions, these concentrations are unsaturated at the lower temperatures. The 
saturation starts from 4 m K2CO3 up to 7 m K2CO3. The prediction of potassium 
carbonate solute solubility index showed several saturation points at concentrations 
greater than 3m. At pressure of 1 bar, 4m potassium carbonate was saturated at 
temperature of 315.15 K, 5m was saturated at temperature of 344.15 K, 6m was 
saturated at temperature 373.15 K and 7m was supersaturated for all given 
temperatures. For operation at pressure of 2 bar, the saturation points didn’t change 
for concentrations 4m, 5m and 6m. For 7m concentration, it has been saturated at 
temperature 413.15 as the highest operating temperature. Tables 4-15 and 4-16 
showed the saturation points for K2CO3 binary system solution at pressures 1 bar and 
2 bar in details. The results obtained for bicarbonate solubility index give values 
lower than unity at pressure of 2 bar.  Moreover, at pressure of 1 bar, the results 
showed saturation points for concentrations at 5 m, 6 m, and 7 m KHCO3. The 
solubility behavior gives positive results at pressure 2 bar compared with 1 bar that is 
due to the specific effects of operating pressure on the solution boiling temperature.  
The increases of operating pressure from 1 bar to 2 bar used to extend the boiling 
temperature with mean different of 18 Kelvin for both Carbonate and bicarbonate 




The operating temperature has a major effect on the water vapor pressure. Figure 
4-30 shows the relation between the operating temperature and the water vapor 
pressure. In this figure, the increases of operating temperature from 298.16 K to 
415.15 K was used to slightly evaporate the water from the solution and dependently 
increase the water vapor pressure in the system. On the other hand, Figure 4.31 shows 
relation between operating temperature and the CO2 pressure in the system. Based on 
the equilibrium reaction of CO2 absorption in equation (1.1) and CO2 rate in the liquid 
phase (Figure 4-10), it can be concluded the significance of the effect of temperature 
on the CO2 absorption and liberation due to the proportional relation between 
temperature and both of carbon dioxide activity in the liquid phase and vapor 
pressure. See also Appendix B, Figures B1 and B2 which presented the CO2 and water 
pressure change with conversion rate of carbonate to bicarbonate in mixture system. 
 

















































































































































Figure ‎4-23 Temperature effects on KHCO3 solution enthalpy 
 


















































































































































Figure ‎4-25 Temperature effects on KHCO3 solution heat capacity 
 






























































































































Figure ‎4-27 Temperature effects on water activity in KHCO3 solution 
 

























































































































Figure ‎4-29 Temperature effects on KHCO3 solubility index 
 




min T [K]  
Saturation 
index (SI) 
max T [K]  
Saturation 
index (SI) 
1  < 298.15 < 1 390.15-391.15 0.8-1.2 
2  < 298.15 < 1 390.15-391.15 0.9-1.2 
3  < 298.15 < 1 390.15-391.15 0.88-1.2 
4  315.15 1.01 390.15-391.15 0.88-1.2 
5  344.15 1.04 344.15 1.01 
6  373.15 1.01 390.15-391.15 0.88-1.21 











min T [K] Saturation 
index (SI) 
Max T [K] Saturation 
index (SI) 
1  < 298.15 < 1 > 413.15 < 1 
2  < 298.15 < 1 > 413.15 < 1 
3  < 298.15 < 1 > 413.15 < 1 
4  315.15 1.02 > 413.15 < 1 
5  344.15 1.04 > 413.15 < 1 
6  373.15 1.01 > 413.15 < 1 
7  403.15 1.02 > 413.15 < 1 
 




































































Figure ‎4-31 Temperature effects on CO2 pressure 
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Figure ‎4-33 Heat capacity of carbonate system compared with Aseyev (1998) 
4.2.8    Summary 
The findings from this study can be summarized as follows: 
1) For the ideal process, the precipitation occurs at temperature higher than 
the boiling temperature. 
2) The reduction of CO2 rate in the NG stream leads to increase K2CO3 
concentration in the solvent. 
3) The possibilities of the precipitation started at concentrations greater than 
3 mole K2CO3/ kg H2O for both pressures 1 and 2 bar. 
4) The temperature affects positively on the solvent solubility until the 
boiling temperature. 
5)  The process operation at pressure of 2 bar gives solubility range wider 
than the pressure 1 bar and also increase the boiling temperature by 18 K.  
6) The saturation conditions for 30wt% potassium carbonate solution have 
been estimated at temperature of 287.15K with relative error of +4 K. 
7)  For mixture system, the saturation temperature was estimated to be 405.15 
K for all concentration ratios at pressure 1 bar. 




be 313.15 K for the concentrations less than 3m. 
9) For KHCO3 in binary system, the simulation detected the saturation point 





Conclusion and future work 
5.1    Conclusions  
Based on the study of potassium carbonate and bicarbonate solution, this research 
found that the effective parameters that can control the stability of the solvent during 
the absorption process. The effective parameters can be classified as two types: 
1) Process conditions as external parameters consisting of the temperature, 
pressure, and chemical conversion. 
2) Solvent chemical composition and physical properties, such as concentration, 
freezing point and boiling point. 
The study was conducted on the basis of possible deviations of the operating 
conditions from the designed operating conditions in order to investigate the 
phenomenon of carbonate and bicarbonate solutes crystallization. 
The temperature affect positively on the potassium carbonate and bicarbonate 
solubility. The observation of solution solubility detects saturation points at 
temperatures higher than the solution boiling point for 30 wt% K2CO3 standard 
solution. The literature data that were used for model validation represented the stable 
temperature of the solution in the liquid phase solubility at the range between 283.15 
K and 366.48 K. The simulation study of the current work observed the above 
condition at the range between 287.15 K and 362.15 K with the error of ±4 K. 
For all the estimated properties of carbonate and bicarbonate solutions, the 
increases of the pressure in process leads to an increase in the range of solution 




increase of the operation pressure from 1 bar to 2 bar has increased the mixture 
solution (carbonate/bicarbonate) boiling temperature with mean temperature 
∆Tmean= 18 K. This gives a wider range of solvent stability in liquid phase and this 
influence was also effect on the solvent transport thermodynamics. 
Based on the chemical conversion that occurs when CO2 reacted with K2CO3 
solution, theoretically, K2CO3 should totally be converted to KHCO3 solution and 
transfer to the regeneration unit. Nevertheless all the plant data have shown that the 
solution contains a ratio of carbonate/bicarbonate. This indicates that there are 
technical problems responsible for the efficiency drop. The possible reasons that 
could have lead to concentration increases for carbonate or bicarbonate can be 
summarized as follows:  
1) Addition a new solution to increase efficiency.  
2) Losses of water content from the solvent.  
3) Technical problems occur in the units.  
4) Temperature drops in heat exchanger units. 
Certainly the concentration of solutes is the main factor in the process of 
crystallization, as well as temperature and pressure. The summary of the study 
presents the freezing and boiling temperatures for different concentrations of 
carbonate, bicarbonate and mixture solution at two different pressures of 1 bar and 2 
bars. The study also concludes that the solution crystallization can possibly occur at 
temperatures lower than 313.15 K, pressure 1 bar for concentrations higher than 3 
mole K2CO3/Kg H2O. For bicarbonate solution, the solution was unsaturated at the 
lower temperature and at high temperatures it converts to carbonate solution after CO2 
liberation process. 
The findings of the 30 wt% K2CO3 were validated with the available literature 
data for water activity coefficient, viscosity and specific gravity. Hence, the 




5.2    Future work 
Further study of processes which affect by the solution composition is required in 
order to gain more understanding of Benfield’s system. The following steps represent 
the most important future studies:  
1) Development of Benfield’s process control system. In order to determine the 
actual concentration of the solution in each unit to avoid the increasing of the 
solution concentration. Furthermore, to adapt the temperature and pressure 
according to the freezing and boiling conditions. 
2) Modeling the fouling dynamics for Benfield’s reboiler system to investigate the 
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Electrolyte thermodynamic data 
A.1 Benfield’s system literature graphs 
 











































































Figure B 2: CO2 pressure changes with percentage of carbonate converted to 
bicarbonate (Kohl 1997) 
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Figure B 4: Specific gravity of 20%, 30%, and 40% K2CO3 (Kohl 1997) 
 
 
Figure B 5:  Effects of temperature and percentage of carbonate converted to 






















































Figure B 6: Effects on carbonate concentration on water activity (Walker 1970) 
 


































































molality mole% wt% molarity water activity density 
0.5 0.0089 6.46 0.493 0.9846 1.0536 
1 0.0177 12.14 0.974  0.9700 1.1085 
1.5 0.0263 17.17 1.437 0.9563 1.1563 
2 0.0348 21.65 1.884 0.9325 1.2023 
2.5 0.0431 25.68 2.314 0.9081 1.2452 
3 0.0513 29.31 2.725 0.8855 1.2849 
3.5 0.0593 32.6 3.117 0.862 1.3212 
4 0.0672 35.6 3.494 0.8228 1.3565 
4.5 0.075 38.34 3.853 0.7856 1.3889 
5 0.0826 40.86 4.196 0.7496 1.4191 
5.5 0.0902 43.19 4.524 0.7155 1.4478 
6 0.0975 45.33 4.836 0.6826 1.4744 
8 0.126 52.51 5.957 0.5216 1.5681 
 




molality mole% wt% molarity water 
activity 
density 
0.5 0.0089 6.46 0.493 0.9858 1.05 
1 0.0177 12.14 0.974  0.9711 1.1026 
1.5 0.0263 17.17 1.437 0.9573 1.1517 
2 0.0348 21.65 1.884 0.9335 1.5973 
2.5 0.0431 25.68 2.314 0.9093 1.2401 
3 0.0513 29.31 2.725 0.8864 1.2796 
3.5 0.0593 32.6 3.117 0.8636 1.315 
4 0.0672 35.6 3.494 0.8255 1.3511 
4.5 0.075 38.34 3.853 0.7889 1.3833 
5 0.0826 40.86 4.196 0.7542 1.4135 
5.5 0.0902 43.19 4.524 0.7205 1.4421 
6 0.0975 45.33 4.836 0.6892 1.4686 













molality mole% wt% molarity water 
activity 
density 
0.5 0.0089 6.46 0.493 0.9863 1.045 
1 0.0177 12.14 0.974  0.9724 1.0973 
1.5 0.0263 17.17 1.437 0.9586 1.1462 
2 0.0348 21.65 1.884 0.9349 1.1917 
2.5 0.0431 25.68 2.314 0.9114 1.2344 
3 0.0513 29.31 2.725 0.8885 1.2739 
3.5 0.0593 32.6 3.117 0.8659 1.3101 
4 0.0672 35.6 3.494 0.8284 1.3452 
4.5 0.075 38.34 3.853 0.7939 1.3775 
5 0.0826 40.86 4.196 0.7591 1.407 
5.5 0.0902 43.19 4.524 0.7267 1.4363 
6 0.0975 45.33 4.836 0.6952 1.4628 
8 0.126 52.51 5.957 0.5455 1.5563 
 




molality mole% wt% molarity water 
activity 
density 
0.5 0.0089 6.46 0.493 0.9860 1.0400 
1 0.0177 12.14 0.974  0.9730 1.0920 
1.5 0.0263 17.17 1.437 0.9596 1.1407 
2 0.0348 21.65 1.884 0.9368 1.1862 
2.5 0.0431 25.68 2.314 0.9134 1.2287 
3 0.0513 29.31 2.725 0.891 1.2683 
3.5 0.0593 32.60 3.117 0.8687 1.3052 
4 0.0672 35.60 3.494 0.8322 1.3394 
4.5 0.075 38.34 3.853 0.798 1.3717 
5 0.0826 40.86 4.196 0.7637 1.4018 
5.5 0.0902 43.19 4.524 0.7316 1.4305 
6 0.0975 45.33 4.836 0.7012 1.4570 










molality mole% wt% molarity water 
activity 
density 
0.5 0.0089 6.46 0.493 0.9865 1.0341 
1 0.0177 12.14 0.974  0.9744 1.0861 
1.5 0.0263 17.17 1.437 0.9615 1.1347 
2 0.0348 21.65 1.884 0.9389 1.1802 
2.5 0.0431 25.68 2.314 0.9162 1.2228 
3 0.0513 29.31 2.725 0.8948 1.2623 
3.5 0.0593 32.6 3.117 0.8733 1.2993 
4 0.0672 35.6 3.494 0.8375 1.3337 
4.5 0.075 38.34 3.853 0.8043 1.3658 
5 0.0826 40.86 4.196 0.7713 1.3959 
5.5 0.0902 43.19 4.524 0.7406 1.4246 
6 0.0975 45.33 4.836 0.7105 1.451 
8 0.126 52.51 5.957 0.5637 1.5444 
 




molality mol% wt% molarity water 
activity 
density 
0.5 0.0089 6.46 0.493 0.9880 1.0281 
1 0.0177 12.14 0.974  0.9753 1.0800 
1.5 0.0263 17.17 1.437 0.9634 1.1287 
2 0.0348 21.65 1.884 0.9422 1.1742 
2.5 0.0431 25.68 2.314 0.9203 1.2168 
3 0.0513 29.31 2.725 0.9001 1.2563 
3.5 0.0593 32.6 3.117 0.8796 1.2934 
4 0.0672 35.6 3.494 0.8467 1.3276 
4.5 0.075 38.34 3.853 0.8139 1.3599 
5 0.0826 40.86 4.196 0.7829 1.3900 
5.5 0.0902 43.19 4.524 0.7523 1.4186 
6 0.0975 45.33 4.836 0.7238 1.4450 










molality mole% wt% molarity water 
activity 
density 
0.5 0.0089 6.46 0.493 0.9881 1.0218 
1 0.0177 12.14 0.974 0.9772 1.0611 
1.5 0.0263 17.17 1.437 0.9649 1.1227 
2 0.0348 21.65 1.884 0.944 1.1683 
2.5 0.0431 25.68 2.314 0.9232 1.2109 
3 0.0513 29.31 2.725 0.9037 1.2504 
3.5 0.0593 32.60 3.117 0.8837 1.2875 
4 0.0672 35.60 3.494 0.8510 1.3217 
4.5 0.0750 38.34 3.853 0.8204 1.3540 
5 0.0826 40.86 4.196 0.7901 1.3841 
5.5 0.0902 43.19 4.524 0.7615 1.4127 
6 0.0975 45.33 4.836 0.7329 1.4391 
8 0.1260 52.51 5.957 0.5923 1.5322 
 




molality mole% wt% molarity water 
activity 
density 
0.5 0.0089 6.46 0.493 0.9877 1.0140 
1 0.0177 12.14 0.974 0.9749 1.0677 
1.5 0.0263 17.17 1.437 0.963 1.1167 
2 0.0348 21.65 1.884 0.9428 1.1623 
2.5 0.0431 25.68 2.314 0.9233 1.2050 
3 0.0513 29.31 2.725 0.9043 1.2445 
3.5 0.0593 32.6 3.117 0.8853 1.2816 
4 0.0672 35.6 3.494 0.8533 1.3159 
4.5 0.075 38.34 3.853 0.8225 1.3482 
5 0.0826 40.86 4.196 0.7929 1.3783 
5.5 0.0902 43.19 4.524 0.7643 1.4068 
6 0.0975 45.33 4.836 0.7364 1.4332 
8 0.126 52.51 5.957 0.6169 1.5262 
 
